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Enhanced Transport by Acoustic Streaming in Deep
Trench-Like Cavities

R. H. Nilson? and S. K. Griffiths
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High frequency acoustic agitation is known to enhance chemical dissolution rates of patterned photoresists used in semiconductor
and LIGA microdevice fabrication. To better understand the physical mechanism of this enhancement, we have developed
analytical and numerical models of the acoustically induced steady streaming motion that transports dissolved polymer fragments
from the bottom of trench-like features into the developer bath. Analytical solutions describing the time-periodic wave motion are
used to evaluate the time-mean Reynolds stresses that drive the steady streaming motion. The resulting steady torroidal flow within
the feature is computed by solving the Navier-Stokes equations, including either the acoustic Reynolds stresses or the slip velocity
that applies when the acoustic boundary layers are sufficiently thin. The steady velocity field is then used to compute species
transport by diffusion and advection. These numerical results are complemented by analytical solutions describing the dependence
of enhanced transport on process parameters. The results indicate that acoustic streaming is probably responsible for the observed
three to fourfold increase in development rates of LIGA features having widths of a few micrometers or more. To gain the same
relative benefit in submicrometer features would, however, require use of frequencies and power levels more than tenfold greater
than the conventional levels of 1 MHz and 10 Wfcm
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Fabrication of microelectronic and LIGA microdevices often re- of transport may lead to faster development or electroplating of wide
quires transport of chemical species into or out of liquid-filled mi- features relative to narrow ones, causing undercutting adjacent to
crocavities. Two common examples are the chemical developmentvider features during development and excessive overplating during
of patterned photoresists to produce recessed features and the fillindeposition.
of such features by electrodeposition. During chemical develop- With increasing feature depth, the path length for diffusion be-
ment, fragments of the resist must be transported from the bottom o€omes progressively longer, reducing the rate of transport relative to
narrow features into the development bath. Similarly, filling of a the surface reaction rate. Under these diffusion-limited conditions,
patterned resist by electrodeposition requires transport of metal ionsery long processing times ranging from many hours to several days
from the electroplating bath into the features. This plating process isare required for development of LIGA features having depths of 1 to
commonly used to form microelectronic interconnects having sub-2 mm. Diffusion-limited electrodeposition requires even longer time
micrometer linewidths. Although the depths of these features may beeriods for similar feature sizes, because the maximum available
several times greater than their widths, they rarely exceed a depth dlifferences in metal ion concentration are three to four orders
1 um. Over these short length scales, diffusion provides very effec-smaller than the deposit density, whereas these densities are compa-
tive transport of chemical species. Transport rates are, howeverable in development.
smaller by orders of magnitude in the LIGA process used to produce Acoustic agitation offers a promising means for enhancing trans-
detailed metal parts having depth dimensions of a millimeter orport rates within high aspect ratio features. A number of researchers
more. have demonstrated experimentally that development rates can be

The acronym LIGA is derived from the German words for lithog- increased severalfold by performing the process in acoustic baths
raphy, electroforming, and moldingin LIGA, a high-energy X-ray like those used for cleaning of semiconductor wafet$.In these
source is used to expose a thick photoresist, typically polymethyl-previous studies, it is suggested that the collapse of acoustically
methacrylatg PMMA), through a patterned absorber mask. The ex- generated bubbles is responsible for increased development rates.
posed material is then removed by chemical dissolution in a develAlthough the exact mechanism is uncertain, bubble collapse is
opment bath. This development process yields a nonconductinghought to generate very large local temperatures that increase sur-
mold having a conducting substrate beneath deep cavities that arface reaction ratéIn addition, pressure forces produced by col-
subsequently filled by electrodeposition. The resulting metal partdapsing bubbles may help to dislodge polymer fragments or ad-
may be the final product or may be used as injection or embossingorbed species that are loosely bound to surfaces. However, for the
molds for mass production. megasonic frequencies used in LIGA, typical acoustic power levels

Development and deposition rates in recessed features depend @f <100 kW/n? (10 W/cn?) are below the threshold required to
both species transport and surface reaction kinetics. Transport iproduce cavitatiof:> Moreover, the fact that LIGA development
rarely an issue in conventional electroplating on flat surfaces whergates decrease substantially with increasing feature depth even under
surface ion concentrations can be maintained by pumping bath fluidacoustic agitation strongly suggests that development rates of high-
or by moving the substrate relative to the bath. However, in platingaspect-ratio features are limited by transport within features, not by
or development of patterned photoresists, even a very strong extesurface reaction rates. It follows that the principal benefit of acoustic
nal flow is not effective in providing increased transport into re- agitation is improved feature-scale transport.
cessed features having aspect ratios greater than one 8¥tWlis The present paper demonstrates that the observed acoustic en-
is because the convective cell that circulates the fluid in the top ofhancement of LIGA development rates can be attributed to acoustic
each feature penetrates only about one feature width. Additionaktreaming within features. In this mechanism, the steady streaming
counter-rotating convective cells are formed deeper within high asflow induced by high-frequency agitation circulates most of the fluid
pect ratio features, but the circulation speeds decrease by nearly twaithin features, substantially increasing species transport. Although
orders of magnitude between successive éellbus, high aspect the fluid dynamics of acoustic streaming have been studied
ratio features are essentially stagnant over most of their heightextensivelyl,o'lzthere have been no previous studies of the induced
while low aspect features are well-stirred throughout. This disparityspecies transport in cavities and recessed features.

To better understand this process, analytical and numerical meth-
ods are used to solve the equations governing flow and species
2 E-mail: rhnilso@sandia.gov transport within trench-like features. The sound field is described by
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The effects of bath stirring are modeled by prescribing a steady
uniform flow from left to right above the resist. This uniform exter-
nal flow produces a linear gradient of the fluid speed in a boundary
layer just above the resist surface. The resulting shear force is trans-
mitted to the fluid at the top of the feature, driving motion within the
feature. However, as noted earlier, the effects of this forced convec-
tion are negligible when the aspect ratio is large.

The fluid velocity field within the feature is governed by the
Navier-Stokes equations. A direct numerical solution of these equa-
tions is possible but somewhat impractical because of the large dif-
ference in the time scales of acoustic agitation and chemical devel-
opment. Since the period of a typical 1 MHz acoustic wave is only
1 ms, hillions of numerical time steps would be needed to span even
a few minutes of development time. To deal with this disparity we
utilize a method of successive approximations that has been previ-
ously used in solving problems of this general cl4s¥ The pres-
sure,p, density,p, and velocityu = ui + vj are each written as an
infinite series.

P=Pot+t Pat Pst ... p=potpatpst...
U= u,+ ug+ ... [1]

The ambient values of pressure and dengigyandp,, are taken as
constant and uniform. The acoustic terms, subscripted a, are as-
sumed to be harmonic functions of time but may vary arbitrarily
with position. The steady acoustic streaming terms, subscripted s,
are time invariant but are, again, free to vary spatially. These series
expansions are substituted into the Navier-Stokes equations and
terms of like time dependence are equated to one another. The first-
order harmonic terms and their products with and p, yield the

X linearized acoustic equatiotfs=
Figure 1. Schematic of a trench-like feature. During development, dissolved 9pa v -0 o
polymer fragments are transported from the dissolution front to the feature ot T poV - Ua= (2]
mouth. In electrodeposition, metal ions are transported from the feature
mouth to the feature bottom. au, 1
Por = ~VPa™ pV2Us + | pp + §M)V(V “uy)  [3]

. . < l .
exact solutions derived by Rayleffland Nyborg'* The time-mean Here, u and w, are the shear and bulk viscosities. The acoustic

Reynolds stresses computed from these harmonic solutions are thefessyre and density variations are related by the equation of state,
used as the driving source terms in a numerical solution of the

— (2 ; ; ; ;

Navier-Stokes equations. The resulting steady acoustic streaming]aesecepaétligr\ghg:fbs ggﬁlesdp%?/dsgges%%g?h g']A 2 O?Jt?éilgzderlﬁ/t:é' by
flow field is finally used to compute the transport of a representativeRaMeig 9 for traveling waves in tubes and channels of infinite
chemical species by diffusion and advection. In addition to theselength
numerical results, we also derive analytical solutions relating trans- Thé equations governing the acoustic streaming flow are deduced
port rates to feature dimensions and processing conditions. by taking the time average of the series expansion of the Navier-

Although acoustic streaming is effective in reducing LIGA de- gy eq equations. The averaging process eliminates all of the simple
velopment times, model predictions suggest that this meChan'S‘”I"larmonic terms that appeared in the preceding linear acoustic equa-

W.i” pr_o_vide far Iess' bengfit to eIectrodepqsition. This is because thetions but leaves the steady flow quantities, subscripted s below, as
diffusivity of metal ions is _orders (.)f magnitude greater _than that of well as the time averaged products of harmonic functions that are
polymer fragments, reducing the importance of advective transPorbathered intcF1L

relative to diffusive transport.

. . V-u=0 Vps— pVius=F [4]
Governing Equations
To model the effects of acoustic agitation in recessed features we F = =po((Ua- V)Ua+ UV - Ug)) (5]
consider the simplified geometry of a single trench-like feature as ) o
shown in Fig. 1. In the region far above the resist surfgce, h, The steady streaming motion is driven by an apparent body force,

the bath is presumed to be well mixed and to have a negligibleF, arising from the Reynolds stresses produced by the harmonic
concentration of dissolved polymer fragments or a uniform concen-motion. Note that the time averaging brackets, that enclose the
tration of metal ions. Since the frequenéy,and intensityl, of the ~ Reynolds stresses have been dropped from the time invariant quan-
sound field are known for commercial acoustic baths, these conditities, ugandpg, because they are redundant. Although it is essential
tions are used to characterize the pressure variations in the fluid ahat compressibility be retained in the acoustic Eq. 2 and 3, the
the feature mouth. For simplicity, the solid feature walls are pre-streaming flow may be assumed incompressible. Also, the speed of
sumed motionless due to disparity of acoustic impedance or obliquécoustic streaming is generally so small that the inertia of the
wave incidence. Although the feature height varies during develop-streaming motion has been deleted from Eq. 4.

ment and deposition, the motion of the feature bottom is sufficiently ~ The solution procedure is as follows: solve Eq. 2 and 3 analyti-
slow that flow and transport processes may be presumed quastally for the harmonic velocity field; evaluate the Reynolds stresses
steady. that compriseF; numerically solve Eq. 4 and 5 for the steady
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streaming flow. The steady velocity field is then used to numerically 1.2
solve the conservation equation describing steady diffusive and ad-
vective transport of a single species

V.- (ugl)=V-(DVC) (6] £ 1.0

9

=

Here,C is the polymer fragment or metal ion concentration &ni )
the diffusivity of that species. > 0.8

o .

Harmonic Velocity Field '*a

High frequency pressure variations at the feature mouth drive the g
acoustic motion within the feature. Raylefdhderived traveling s 0.6

wave solutions that satisfy the two-dimensional Cartesian form of <

the acoustic wave equations, Eq. 2 and 3, for a channel bounded b
infinite parallel planes, subject to nonslip and impermeable bound- g
ary conditions on the bounding walls. These solutions can be appliece= 0.4
to the trench-like feature geometry of Fig. 1. Theandv velocity £
components of the Rayleigh solution are each proportional to the g
nominal acoustic velocity,, which is matched to the sound inten- S 0.2
sity, I, in the bath at the feature mouth. The velocity component Z :
along the feature axis is generally orders of magnitude greater thar

the transverse component. Because of the nonslip condition, thir

€

viscous boundary layers develop interior to the feature along the 0.0
feature side walls. The viscous boundary layer thickn&ss, nearly
uniform along the feature height. The simple formulas given below 0.0 0.1 0.2 0.3 0.4 0.5
can be used to calculateg, 8, and the acoustic wave length, Normalized Position. x/w
b

| /2PL Figure 2. Normalized acoustic velocity; ,/u,, at feature to -
= — =~ = — =~ . a/Uag, p/s. normal
Uao = \& ~02mis &= 0p 0.6 pm (7] ized transverse position. Feature wall is at left; feature center is at right of

plot. Solid lines are exact Rayleigh solution; dotted lines are approximate
solution given by Eq. 9 forx = 0.

Cc
N = ~15mm (8]

) . while the dotted lines represent the following approximate solution
The above numerical estimates are based on a frequeincy, gerived by Nyborg in the limit where the viscous boundary layers
= w/2m =1 MHz, and a sound intensity,l = 60 kW/n? are thin compared to the feature witith
(6 Wicnt), typical of commercial wafer cleaning baths, and fluid
properties like those of wategi = 1000 kg/n?r, c = 1500 m/s, ~ Uyl — e (1+) X3y g (ot 2mihyglot [9]
andp = 102 Pas. In addition to the scaling constang,, the Va™ Had
Rayleigh solution contains three dimensionless parameters, the nor-
malized wave length)/w, the aspect ratioh/w, and normalized U ~ _vazﬂﬁ
thickness of the viscous boundary layeiby. For given choices of a N
these parameters, there are two solutions representing waves travel-
ing in opposite directions along the feature. To obtain the full solu- ) 1 S
tion, we must generally superpose the downward traveling waveere,j = (—1)”“and the real part of each function is implied. As -
with its upward traveling reflection off the lower surface. seen in Fig. 2, the approximate solution provides a very good esti-
The reflected wave may strongly influence the velocity field if mate, provided thatw/d > 10. For agitation at 1 MHZz3
the feature bottom is highly reflective. This is likely the case in ~ 0.6 um, so the approximate solution will remain valid and the
electroplating because the plating surface at the mold bottom has aattenuation moderate for LIGA features having widths gir or
acoustic impedance much greater than that of the electrolyte. In thignore. A frequency of about 1 GHz will be needed, however, to
instance, the combination of the primary and reflected waves prosatisfy the same criteria for semiconductor lines having a width of
duces a standing wave having increased motion in some location8.15wm. The velocity profiles shown in Fig. 2 are applicable at the
and reduced motion in others. The corresponding patterns of acousnouth of the feature. The attenuation coefficient in Eq.a9,
tic streaming are also strongly affected and become cellular in= 32(2w/\)%/3, describes viscous attenuation of a one-
charactet? In development, however, the polymer surface at the dimensional wave in free space and is much weaker than the axial
mold bottom has a density and wave speed that typically exceedttenuation along a walled feature, as explained below.
those of the developer fluid by only about 20% and a factor of two  In addition to the boundary-layer damping of the motion seen in
to three, respectively. Under these conditions the impedance misFig. 2, there is additional viscous attenuation of the amplitude be-
match is less severe and the amplitude of the reflected wave is onlyween the top and bottom of the feature. The two-dimensional
20 to 30% as great as that of the incident wave, probably everRayleigh? solution indicates that for moderate attenuation the pres-
weaker owing to the partially developed gel layer at the featuresure and velocity amplitudes decay nearly exponentially such that
bottom. For these reasons and for the sake of simplicity, the reflecte¢he ratio of bottom to top amplitudes is expfhd/\w). Figure 3
wave will not be included in any of the calculations presented herejllustrates the attenuation computed from the full solution. It is seen
Figure 2 shows the computed amplitude of the longitudinal ve-that wave attenuation is insignificant at 1 MHz for millimeter-depth
locity, v,, along the feature as a function of transverse position forfeatures provided that the feature width is greater than abopti,0
several choices of the normalized boundary layer thickn&ss, so this effect is usually negligible in LIGA. Although the attenuation
The solid lines represent the Rayleigh solution explained abovencreases at higher frequencies because of reduced wavelength,

i

1+

[10]
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Figure 3. Attenuation of acoustic velocity along featwre feature depth. At~ Figure 4. Normalized streaming velocitys. normalized distance from fea-
1 MHz attenuation is unimportant for millimeter-depth features provided that ture center. Dotted line is asymptotic solution fofs > 1.
feature width is greater than about {tn.

where

acoustic waves with a frequency of 1 GHz are not substantially
attenuated in semiconductor lines having widths of Q.26 and pr = L X W [13]
depths up to Jum. U Uy, "8 M 2%

Acoustic Streaming Along Feature S(n) = eMsinm  C(n) = € "cosy [14]

The acoustic streaming motion in deep features having weakly .
- . X i i i A

reflective bottoms can be well approximated using an approach sug K¥ = —2K3# — C(f}) + —e 21 [15]

gested by Nybord! Over most of the height of a slender feature the
streaming velocity is nearly vertical, so the transverse velocity com-
ponent can be neglected to obtain the following simplification of Eq. and
4

2

w PR i) B BT ”Z(CM em”
vadx:o [114] 27 4% 4 2 2o 2

[16]
and
Here,x may be measured from either wall, with the understanding
that the expressions are only valid for<Ox < w/2.

The velocity profiles computed from Eq. 12-16 are illustrated in
Fig. 4. The downward flow along the feature walls is driven by large
The driving Reynolds stress& acting in the vertical direction are Reynolds stress gradients in the acoustic boundary layers adjacent to
evaluated by substituting the preceding asymptotic solution of Eq. 9[he yval_ls. The upflow in the center Is simply a consequence O.f
and 10 into the definition o in Eq. 5. The velocity profiley (x), continuity. _The fluid _speeds shown in Fig. 4 are scaled by the nomi-
is then determined by analytically integrating Eq. 11b across thenal acoustic streaming speed
feature subject to nonslip conditions at the feature walls. In doing
this, the vertical pressure gradient is assumed to be constant and is
determined by enforcing the above integral constraint, Eq. 11a, that
the net vertical flow through any horizontal cross section must be _ _ ) o
identically zero. These solutions are suggested but are not presentddhe numerical estimate given above corresponds to an acoustic in-

8sz 9Ps
MW = W - Fy [llb]

|
= — ~ 27 pm/s [17]

pC

2
_ Uao
Uso = o

or displayed by Nyborg and so are given below. tensity of| = 60 kw/n? (6 W/cn?) in a fluid-like water with a
Solutions to Eq. 11 may be written in the following form density of 1000 kg/My and sound speed,,, of 1500 m/s. This
1 steady flow speed is sufficient to travera 1 mmfeature height in
_ less than 1 min. Note that the nominal streaming speed is indepen-
* _— K* * 2 - _ 27
v Kim + Kem™ + 4[1 +2(S) = C(m)) + e ] dent of viscosity; this is because the driving fofeend the resist-

[12] ing shear forces in Eq. 11b are both proportional to the viscosity.
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Figure 6. Comparison of numerically calculated velocity profilsgmbols
Figure 5. Mean circulation speeds.feature width. Mean speed is computed Wwith analytical solutions of Eq. 12-1@olid lines. Every other grid point is
by averaging vertical velocity profile across downflow region. displayed. Numerical profiles are at midheight. Aspect ratio is four.

The streaming velocity profiles in Fig. 4 are strongly dependent
on the parametew/d, representing the ratio of the feature width to
the acoustic boundary layer thickness defined in Eq. 7. For ratiogrench-like features. The Navier-Stokes Eq. 4 and 5 governing the
less than about four, the motion is severely suppressed by sheatreaming motion are rewritten in terms of the stream function and
stresses that are inversely proportional to the feature width. In thevorticity, as appropriate for steady incompressible fléWsThese
opposing limit of very wide featuresy/d > 1, the velocity profile  equations and the species transport equation, Eq. 6, are discretized
approaches an asymptotic solution having a parabolic shape and @sing second-order finite differences to obtain a system of algebraic
maximum downward speed of = —0.25 immediately adjacentto  equations for nodal point values of the stream function, vorticity,
the wall, as indicated by the dotted line in Fig. 4. Since the maxi- velocity components, and species concentratitiiThese equations
mum speed is roughly coincident with the inner edge of the acousticre solved iteratively on a rectangular mesh covering the T-shaped
boundary layer atx* ~ 8/w < 1, the resulting velocity field is domain shown in Fig. 1. In each solution, iterations were continued
equivalent to that driven by a slip velocity of magnitudé until the solution was converged on successively finer meshes con-
= —0.25 applied on the vertical walls. This limiting solution often @iNing 21, 41, 81, and, if needed, up to 321 grid points across the
provides a good approximation in practical applications like the feature v_\/ldth. Since viscous and concentration boun_dary layers are
LIGA examples presented here. present in a number lof Iocathns, the reptangular grid was equally

In narrow features, viscous forces may strongly reduce acoustiéPaced in both directions and in all locations.

streaming speeds, as illustrated in Fig. 5. Here, the vertical axis Although the numerical model had been previously tested for a

displays the average fluid speed in the downflow region of the fea_variety of flow conditions, additional tests were performed to verify

ture for a fixed agitation frequency of 1 MHz and for two acoustic that acoustic streaming was correctly computed. As seen in Fig. 6,

intensities. The streaming motion becomes very weak for a featur§tréaming velocities computed numerically are in good agreement
width of 2 wm or less; beyond this point the micrometer-scale With the analytical solutions shown previously in Fig. 4, provided
acoustic boundary layers overlap one another. The final approach ti1at the acoustic boundary layers are resolved by several grid points.
a zero mean speed is not shown in Fig. 5 because it cannot bélthough this is easily done for cases wit/d < 10-20, it be-
accurately constructed using Reynolds stresses derived from the agomes very wasteful for larger values wf3. For w/d > 1 the
proximate acoustic velocity profiles given by Eq. 9 and 10. As seentransport can, however, be accurately and efficiently calculated by
by comparing solid and dotted lines in Fig. 2, this approximation is applying a slip velocity ofus44 on the vertical walls rather than
inaccurate forw/s of less than about five. For smallev, it is explicitly including the Reynolds stresses compriskgn Eq. 5.
necessary to utilize the full Rayleigh solution in computing the Rey-  To reduce the number of solution parameters, the position coor-
nolds stresses and streaming speed. Although this can still be dondinates were scaled by the feature widih, the velocity compo-
analytically, a more general numerical approach is generally neededents byD/w, and the stream function and vorticity iy and
to deal with corner regions and species transport. For these reasoily/w?, whereD is diffusivity of the transported species. The species
we turn now to numerical analysis. concentration is scaled by its overall variation, such that the normal-
ized concentrations in the bath and feature bottom are simply zero
and unity. The resulting equations contain three dimensionless pa-
Numerical methods are used to investigate the transport of polyrameters, the Peclet number, aspect ratio, and normalized thickness
mer fragments or metal ions induced by acoustic streaming inof the acoustic boundary layer

Species Transport: Numerical Model
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Figure 8. Computed streamling@eft) and isoplethgright) for Peclet num-
ber of 500 and aspect ratio 8f = h/w = 4. Flow is driven by slip velocity
on walls.
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Figure 7. Computed streamling#eft) and isoplethgright) for a Peclet num-
ber of Pe, = 125, an aspect ratio oA = h/w = 4, and boundary layer
thickness ofé/w = 1/16.
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the Peclet number. These two choices correspond to development of
h N LIGA features having widths of 30 and 120n at an acoustic power
—o5* = — [18] level of | = 100 kW/nf (10 Wi/cnt), assuming a polymer frag-
D w w ment diffusivity of D = 107*' m?/s. Streamlines are shown on the
left side of each figure. Isopleths, lines of constant species concen-
The Peclet numbeRe,,, indicates the relative strength of convec- tration, are shown on the right side. The flow within the feature is
tive transport by acoustic streaming compared to transport by diffu-torroidal with downflow along the walls and upflow in the center.
sion; it is proportional to the nominal streaming speagh, ex- The flow turns at the feature top and bottom over regions having a
plained previously. When slip velocities are applied to the featurevertical extent of about one-half feature width. Some of the flow
walls the normalized slip speed is simpBe,/4. When Reynolds  coming in from the left along the resist surface descends into the
stress are used to drive the motion, solutions also depeddvenin feature, returns up the center, and rejoins the external flow. As noted
either case, the normalized flow speed across the top of the T-shapgdfeviously, the overall transport is not strongly influenced by the
domain of Fig. 1 is taken as equal to the nominal streaming speedlow over the feature top. _
within the feature, a very slow speed relative to the bath scale. Inthe The flow along the midsection of the feature does not vary with
absence of additional stirring, an acoustic streaming motion ofélevation and is nearly identical to the analytical solutions shown
roughly this magnitude would occur along the resist face and, agarlier in Fig. 4. With increasing aspect ratio, the flow along the
noted earlier, is of little importance for features having aspect ratiosmidsection remains the same but extends over a larger fraction of
greater than two or three. the feature. The turning regions at the ends are not, however, af-
The most important result of the numerical calculations is the fected by changes in the aspect ratio for aspect ratios greater than
Sherwood numberSh, representing the ratio of the computed ver- tWo or three. _ o
tical species transport to that which would have occurred by diffu-  The streamlines of Fig. 7 and 8 are nearly identical even though
sion alone. Under quasi-steady conditiod is the same at all the calculation of Fig. 7 was driven by Reynolds stresses in the

elevations within the feature. If is most conveniently calculated atPoundary layers, whereas the flow in Fig. 8 is driven by a slip
velocity at the wall. Because of this difference, the streamlines of

the feature bottom where the vertical velocity is zero and the trans-* o .
port occurs locally by diffusion alone Fig. 8 are more c_losely spaced near the walls_, |nd|<_:at|ng slightly
higher speeds adjacent to the walls. The relative thickness of the
h 1 (w 9C 19C* acoustic boundary layer in Fig. 7 is takendsv = 1/16, somewhat
m) f D5 dx = Af - dx* [19]  thicker than typical of LIGA. A smaller choice &/w and identical
o 9y o 9y ;
Peclet numbers would have provided even closer agreement be-
tween the streamline patterns in Fig. 7 and 8.
The value ofAC used in this formula is the difference between the  The isopleths on the right of Fig. 7 and 8 are swept downward by
horizontal mean concentrations at the feature top and bottom. In thelescending flow adjacent to the feature walls. Upward flow in the
absence of fluid motion, the normalized gradient at the bottom iscenter is also apparent. The close spacing of the isopleths near the
1/A andShis unity. In the presence of acoustic streaming, advectivefeature bottom is indicative of the large diffusion flux at the lower
transport sweeps fresh developer across the feature bottom, produsurface. The Sherwood number for the conditions of Fig. 7 is about
ing a steeper boundary-layer gradient. 3.5, indicating a three- to fourfold enhancement of species transport
Figures 7 and 8 illustrate the computed flow and transport withinrelative to diffusion.

features having an aspect ratio of four for two different choices of The fourfold increase in Peclet number between Fig. 7 and 8

Sh=

w
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Figure 9. Variation of Sherwood number with Peclet number for several Figure 10. Vertical concentration profiles are nearly linear over the central

aspect ratios. Symbols are numerical results; solid lines are based on analytRortion of feature. The difference in concentration between streams is nearly
cal transport model. uniform over the central section.

strongly effects the species concentration field. The stronger downto the Peclet number, aspect ratio, and acoustic boundary layer
flow sweeps the isopleths more steeply downward. Very large conthickness. To this end, we observe that the acoustic streaming flow
centration gradients at the feature bottom indicate large speciei a trench-like feature typically produces a vertical concentration
fluxes. The fourfold increase in Peclet number between Fig. 7 and &rofile like that shown in Fig. 10. At the feature bottom there is a
results in nearly a sixfold increase in Sherwood number from 3.5 toboundary layer of thicknes,,, over which the concentration varies
about 22. o by an amountAC,. With increasing Peclet number this diffusion
Figure 9 shows the computed variation of the Sherwood numbelayer becomes thinner while the concentration difference across it,
with the Peclet number for several values of the aspect ratio. Inally ¢, grows larger. Over the remaining height of the feature, de-
cases the acoustic boundary layer is assumed thin compared 10 theyieqh | the concentration profiles in the upflow and downflow
fggture width, permitting the application of the slip boundary con- streamg’vary almost linearly with height, each having a slope
dition,v* = Pe,/4 along the vertical feature walls. For Peclet num- AC,/h,. Thus, as seen in Fig. 10, the horizontal concentration dif-

bers less than about 10, the Sherwood number is essentially unit¥erence between streamsC,,, is nearly the same at every height
indicating negligible enhancement of transport over diffusion. The The relationship betweehrf the vertical and horizontal concenfra-

deviation of the Sherwood number from unity increases with thetion differences can be deduced by averaging the species transport

square of the Peclet number up to a Peclet number of about 200 t : :
400. In this regime there is little dependence on the aspect ratiogg;ﬁgon’ Eq. 6, horizontally across one of the downflow streams to

particularly for aspect ratios of two or more. At higher Peclet num-

bers, howeverShincreases with the third root éfe,, and is linearly — o S —
dependent on the aspect ratio. Analytical expressions for these w a(vd& 4 Dd Cd) _ (Cq— Cy) [20]
asymptotic regimes and for the smooth curves shown in Fig. 9 are 2P dy dy? P (w/4)

derived in the next section.

Another conclusion drawn from Fig. 9 is that acoustic agitation . . . .
will not provide significant benefits in electrodeposition. This is be- Here,a is the fraction of the half-widthy/2, occupied by the down-

cause Peclet numbers based on typical metal ion diffusivities offlow stream,V is the absolute value of the mean downflow speed,
10°° m?/s will be no greater than 10 for typical acoustic streaming and C4 and C,, are the mean concentrations in the downflow and
speedgug, < 40 pm/s forl < 100 kW/nf (10 W/cnt)] and fea- upflow streams at any elevation. The right side of Eq. 20 accounts
ture widths of 10Qum or less. As seen in Fig. 9, the corresponding for the horizontal diffusion between the adjacent counterflowing
Sherwood number is not much greater than unity. In developmentstreams separated by a mean distaméke A similar equation can be
however, polymer fragment diffusivities are orders of magnitude written for the upflow stream. Both are satisfied by linear solutions
smaller, thereby increasing the relative importance of acoustichaving vertical slopes proportional to the horizontal concentration
agitation. difference between the two streandsC,, = C4 — C,

Analytical Transport Model

dCy dC, AC, 8D

The preceding numerical solutions are now used to guide the = _ = = ——AC, [21]
development of analytical solutions relating the Sherwood number dy dy hy aVw?
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l Vw Vv 0.4

~-
o

Pe = F = PeWU_So ~ PEWT [24]

At high Peclet numbers, the thicknegs, of the diffusion layer
at the feature bottom is controlled by the horizontal flow across the
bottom surface, as shown schematically in Fig. 11. The boundary
layer growth in crossing the feature half width is estimated by sub-
stituting a parabolic concentration profile into the following integral
form of the transport equation applicable to a thin concentration
boundary layer

d SbACl y)zd*DaC
), VG 1~ 5 ) v =0y

Again, for high Peclet numbers, the concentration boundary layer
lies well within the bottom shear layer. Under these conditions the
velocity profile is essentially linear over the integration range of Eqg.
25 and may be written as = (7/p)y. The shear stressis esti-
mated by assuming that the flow across the bottom is parabolic in
form with a mean speed and a maximum of B/2 at a distance
S A/2 above the floor. Further, since the vertical down flow must be
b in balance with the horizontal flow across the bottom, it follows that
0.0 : : ' U Ay = Vaw/2. Finally, the horizontal mean of the boundary layer
0.0 0.1 0.2 03 04 0.5 thicknessdy,, is determined by performing the above integration in
y, solving the resulting differential equation fé(x), averaging

-

S
=
T

S
=
T

AC,
= 20— [25]
dy

S
=
1

Normalized Position, y*

S
o
|

Normalized Position, x* across the bottom and making a few algebraic substitutions
s 9 9
2 1/3
Figure 11. Schematic of turning flow near feature bottom superposed on dp 316 (A1 T
computed streamlines. Only left half of feature bottom is shown. Flow field — = Z -\ = ~ 0.83Fe [26]
is nearly independent of Peclet number and aspect ratié for 1. w a\W/ pe

The above numerical value of 0.83 is based on the observation that

When the acoustic boundary layers are sufficiently thin, as assume@b/W ~ 0.3, as apparent in Fig. 11. Note that this ratio depends
in our example calculations, the vertical velocity profile is parabolic mainly on the Reynolds numbéRe = usgw/v, which is asymptoti-

in form with a maximum downflow speed &, = UsJ/4 adjacent cally small for the acoustic streaming flows of interest here. So Eq.
to the walls, as explained earlier. Integration of this profile yields a26 should provide a good approximation provided that the Peclet

mean downflow speed of ~ 0.4 V. over a downflow region number is large and thah > A, or equivalently A = h/w

. . > 1/3.
spanning a fractiona = 1 — 1~3 ~ 0.42, of the feature half- . e
width, as indicated schematically in Fig. 11. However, the transport At small values of the Peclet number, the thickness of the diffu

i o : : ., sion boundary layer is of little importance because the transport
analysis is not limited to these asymptotic relations, as Eq. 12 16:1Iong the full feature height, including the boundary layer, is by

can be used to deduce the corresponding valuesaifdV for any diffusion alone. In this limit we arbitrarily take the boundary layer
choice ofd/w. thicknessd,, ash/2. Further, since the high-Peclet estimate of Eq.

The vertical diffusion flux through the boundary layer at the g may yield unphysical values 8f, greater tham/2 for smallPe,
feature bottom must be in balance with the combined diffusive and.

. . X - : .7t is convenient to simply defing, as the lesser of the high and low
advective fluxes through the midsection, leading to the relatlonshlppe estimates, as explained further below. A smoother transition be-

tween the limits provides only minor benefit at the cost of greater
+ aVAC 22 complexity. ) s
“ h [22] The Sherwood number is computed for any specific case by per-
forming the following sequence of calculations. The nominal

in which the last term is based on the observation that the upwardgtréaming speedis, is computed from the acoustic intensity using

and downward streams have identical volume flows, both equal td=d- 7- The mean vertical speed and fractional downflow area are
= . . e determined from Eqg. 12-16 or, for thin acoustic boundary layers,

aV, but have species concentrations differingd@,,. The param- . —

eterm appearing just above is unity when the fluid motion is insig- SIMPIY taken asV = 0.4u,f/4 and a = 0.4. The Peclet number

nificant and, hence, the vertical concentration profile is everywhere?@sed on this mean spede from Eq. 24, is then inserted into Eq.
linear. At high Peclet numbers, however, the concentration profile26 to obtain the concentration boundary layer thickness which ap-

near the bottom becomes more near|y quadratic with a s|0pe at th@“es at |argd:)e. Since this thickness exceeds the trench helght for

surface about twofold greatem(= 2) than the mean slope. Com- Small enougiPe, we require thad, be less tham/2. This limiteris
bining the preceding Eq. 21 and 22 and noting that, = AC only active under diffusion-dominated conditions where the analyti-

AC AC
b=D v

mD—Bb hy

— AC,, yields cal model reduces to series diffusion through boundary and central
v layers having identical diffusivity. The parametar describing the
AC he | o2 -1 transition from linear to quadratic boundary layer profiles, is com-
Y — m—| —Ppe v uted using the formula
ac ~ ™3, 8F>e2+1+mBb 23] p g
h 2
o ) m=2exp{1(—” [27]
wherePe is a Peclet number based on the mean vertical speed 23y
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Figure 12. Comparison of asymptotic solutioitsolid lineg with numerical . ) . o )
calculations(symbol3. Dotted line indicates composite formula of Eq. 31.  Figure 13. Comparison of analytical modesolid lineg with %nhancement
of development rateésymbols observed by Zanghellingt al> The Peclet
number corresponding to the experimental conditions is 125 for a polymer

. fragment diffusivity of 101! crmé/s.
such thatm rapidly changes from 1 to 2 as the boundary layer g sy S

thickness decreases below the maximum permissible valu2of
The details of these limiting and transitional formulas are not critical

to the outcome. The computed values BE, 8,, m, and h, in which the subscripts refer to the above limiting forms. The accu-
= h — 5, are finally inserted into Eq. 23 to obtaiiC, and these ~ "aCY of this composite expression is indicated by the dotted lines
. v S
results are used to compute the Sherwood number shown in Fig. 12.
h oC h AC, h \ Application to LIGA Development

Sh

me 1 AC) [28] To our knowledge, the data most relevant to the present study is
that of Zanghelliniet al2 In Fig. 3 of that paper the authors present
The previously discussed Fig. 9 illustrates the excellent agreemenfeasured LIGA development rates for pin features developed
between the analytical model of this section and the numerical rewith and without acoustic agitation. By taking the ratio of these two
sults of the preceding section. measured rates we obtain a relatively direct estimate of the Sher-
The asymptotic behavior of the Sherwood number is quite simplewood number representing the ratio of transport rates with and with-
in the limits of both small and large Peclet number. It is seen in Fig.out agitation. In doing this we use as our divisor the measured
12 that results for all values of the aspect ratio follow nearly the development rates they characterize as dip developed with no bath

:Rwyzozma_b AC

same line for small to moderate values of the Peclet number stirring. These conditions should approximate diffusion-limited
) development.
a L -
Shy = lim (Sh— 1) = &2 [29] It is important to note that our present use of Zanghellini's data

presumes that the measured development rates are limited mainly by
transport, not by surface dissolution kinetics. This assumption is
This relationship can be derived by taking the ratio of the convectivefsupported by th? fact that ob_ser_ved developments rates are strongly
and diffusive terms on the right side of Eq. 22, thereafter using Eq_!nfluenced by stirring and agitation. .However, to better address this
21 to eliminateAC,/AC,,. Similarly, the largePe asymptotes are issue, work is in progress to combine the present transport model

. ; ; with a surface kinetics model.
{gaddélf)i/n(leaduced from Eq. 23 by takidgCy ~ AC and using Eq. 26 The three data points shown in Fig. 13, for aspect ratios from
b

four to ten, cover the full range for which the authors reported data
b o for both dip and agitation experiments. It is seen that the G3ta-

Sh, = lim (Sh— 1) = me- 15 ~ 24A Pe®  [30] bols) and calculationglines) for the two larger values of the diffu-
Pe—o b sivity suggest that the Sherwood number is relatively insensitive to

. _ the aspect ratio, consistent with the low Peclet number results shown
Based on these asymptotic formulas one can also construct a simplgarlier in Fig. 9 and 12. The variation in the comparative experimen-

Pe—0 8

but accurate composite approximation of the form tal data could easily result from inaccuracy in our reading of the
ShySh, plotted experimental data.
Sh=1 + [31] The measurements shown by symbols in Fig. 13 are compared

Shy + Sh, with theoretical calculations for three different choices of the un-
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known polymer fragment diffusivity. The other parameters used in  Furthermore, even though the streaming motion in submicrome-
the calculations are the experimental intensity and frequency of agiter features may be strong, the associated advective transport may
tation of 100 kW/m (10 W/cn?) and 1 MHz. These are the only still be small compared to diffusion. This is not because advection is
important parameters, since the acoustic boundary layers are thiweak, but rather that the diffusion flux is so large in small features.
compared to the feature width, even for development fluids tenfoldFor example, at a nominal acoustic intensity of 100 kW/m
more viscous than water. The computed curves are labeled witf{10 W/cn?), the Peclet numbePRe, = ugw/D, is only about 0.5
values of the polymer fragment diffusivity around 2 m?/s that  for a feature width ofv = 0.15 pm and a fragment diffusivity of
bring the calculations into agreement with the measured data. These0 '* m?/s. Thus, a 100-fold increase in acoustic intensity to
diffusivities are about 100-fold smaller than those of metal ion spe-10* kw/m? (1 kWi/cn?) would be needed to raise the Peclet num-
cies in plating baths. Although we do not have accurate estimates ober to 50, as required to achieve advective transport twofold greater
polymer fragment diffusivities, the order of T# m?/s is quite rea-  than diffusion. Larger diffusivities would require even larger power
sonable for polymer fragments with molecular weights in the levels. Even if such power levels could be achieved, the associated
thousands® as expected in LIGA. The data presented by Zang- heating and pressure forces would probably be excessive. Fortu-
hellini et al2 for dip development rates can be used to estimate thenately, the need for acoustic enhancement is greatly reduced for
product of the diffusivity and the polymer fragment concentration at micrometer-depth semiconductor features, since diffusion rates are
the development surface. Based on this product and a diffusivity ofinversely proportional to the feature depth and diffusion-limited pro-
10" m?/s, the polymer fragments comprise about 30% of the bulk cessing times are inversely proportional to the square of the depth.
fluid density at the feature bottom, a reasonable outcome. Thus, the need for enhancement is much less than in millimeter-
Zanghellini et al® also report development rates for features depth LIGA features.
ranging from 30-30Qum in a bath having an acoustic intensity of .
20 kw/n? (2 Wicn?), five times less than that used in the experi- Conclusions
ments shown in Fig. 13. Since the Peclet number would then be five  Although acoustic agitation is known to increase photoresist de-
times smaller than before, Fig. 9 suggests that there would be relavelopment rates in LIGA and microelectronics applications, the
tively little acoustic enhancement in the 30n features, but that physical mechanism of this enhancement is not well understood. At
wider features may still be enhanced. The data appear to show thifequencies less than 100 kHz and at submicrometer feature scales,
trend for smaller feature depths, though the variation diminishes ashe collapse of acoustic bubbles may play a role in removing and
depths grow larger. Similar data is reported by El-Khaglial® We transporting polymer fragments from the developing surface. How-
are currently undertaking further analysis of these data sets. ever, the megasonic frequencies used in LIGA development are too
high to permit cavitation at conventional power levels. Moreover,
even if the high-frequency motion does promote surface dissolution,
this increase in surface kinetics cannot explain the observed en-
] i ] hancement of development in deep, high-aspect-ratio features. Here,
A number of experimental studies have explored acoustic enevelopments rates are limited by fragment transport along the fea-
hancement of photoresist development in features having widths ofyre rather than surface dissolution kinetics.
10-50 nm(0.01-0.05pnm) using agitation frequencies ranging from  The thesis of the present paper is that the observed enhancement
25 to 400 kHZ" At these low frequencies, the acoustic boundary of | IGA development rates results from the acoustic streaming pro-
layer thicknesses computed from Eq. 7 are considerably greater thagess that circulates most of the fluid within high-aspect-ratio fea-
the feature widths. Under these conditions witld < 1, itis seen  tures, substantially increasing polymer fragment transport. In sup-
in Fig. 4 that the streaming motion within features is very weak. port of this hypothesis, analytical and numerical methods have been
Thus, it is likely that the observed enhancement of developmenised to solve the equations governing flow and transport induced by
rates in these submicrometer features resulted from bubble collapsgcoustic agitation within trench-like LIGA features. Exact solutions
rather than acoustic streaming. derived by Rayleigh’ and Nyborg! were used to represent the
The intensity of bubble collapse is enhanced at low frequenciesacoustic wave fields within features, including the viscous boundary
because the longer period of the acoustic cycle permits greateayers adjacent to feature walls.
growth and hence stronger collapse during each &tighallow Reynolds stresses produced by the high frequency motion induce
feature depths also increase the importance of bubble collapse o¢r steady streaming motion downward along the feature walls at
curring at the wafer face because there is less attenuation of thepeeds on the order of 30m/s. This downward flow is balanced by
induced pressure waves along the feature. For these reasons, it #h upward flow of comparable speed along the feature center. The
likely that the low-frequency enhancement of development observedesulting bidirectional flow along the midsection of high-aspect-ratio
in narrow features is driven by bubble collapse. However, it is alsofeatures was described using analytical solutions of the one-
well known that bubble collapse can easily damage fragile parts, andimensional Stokes flow equations.
it appears that the associated increases in development rates by this polymer fragment transport along typical LIGA features was
mechanism are not as great as those attainable in LIGA by acoustigomputed by numerically solving the Navier-Stokes equations to-
streaming. gether with a species transport equation accounting for fragment
The submicrometer features typical of semiconductor applica-diffusion and advection. These numerical results were used to guide
tions can, according to our analysis, be effectively penetrated bythe development of a physically based analytical model that yields
acoustic streaming if the frequency of agitation is raised to about liransport rates in terms of Peclet number, feature aspect ratio, and
GHz. At this frequency the acoustic boundary layer thickness is ofacoustic boundary layer thickness. The limiting forms of the analyti-
the order 0.02vm, much smaller than the width of present genera- cal model for low and high Peclet numbers were derived and com-
tion 0.15 um features. For this boundary layer thickness and thepined to construct a simple but accurate composite formula describ-
corresponding wave length ofdm, the relative wave amplitude at ing the Sherwood number for all Peclet numbers.
the feature bottom is estimated as exphd/Aw) ~ 0.8 for an as- It was found that the two- to fourfold enhancement in LIGA
pect ratio ofh/w = 4. Thus, at 1 GHz, the fluid streaming speed at development rates observed by Zanghekinal2 is consistent with
the bottom of a submicrometer feature may still be on the order ofmodel calculations based on a diffusivity of about ¥ m?/s, a
30 pm/s for an acoustic intensity of 60 kW/nf6é Wi/cnt), just as reasonable value for the large polymer fragments produced by
in the much wider features typical of LIGA. Although the attenua- PMMA dissolution® The acoustic streaming model further suggests
tion over the micrometer-scale feature depth may be small, even a relatively weak variation of development rate with aspect ratio, in
gigahertz frequencies, there may be significant attenuation in thegreement with the Zanghellini data. For the experimental range of
region between the driving transducer and the wafer face. Peclet numbers, diffusion-limited development rates increase with

Application to Submicrometer Features
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the acoustic intensity and with feature size, again consistent withputing Initiative. Sandia is a multiprogram laboratory operated by
Zanghellini's data. Sandia Corporation, a Lockheed Martin Company, for the United

It is concluded that acoustic streaming is probably the operativeStates Department of Energy under contract DE-AC04-94AL85000.
mechanism of acoustic enhancement in development of high-aspect-

ratio LIGA features having widths greater than aboutrh. How- Sandia National Laboratory assisted in meeting the publication costs of

ever, acoustic streaming should not provide much benefit to LIGA
electroplating because the metal ions transported into the feature
during electroplating are much smaller and more mobile than the
polymer fragments transported out of the feature during develop-

ment. Thus, transport by acoustic streaming is large compared to,,
polymer fragment diffusion but small compared to metal ion diffu- 3.

sion. Similarly, acoustic streaming offers little benefit at the submi-

crometer scale of microelectronic features because diffusive trans-*

port grows stronger with decreasing length scales. Thus, atg

strong transport and moderate processing times.

The results reported here are based on a fundamental, though"

idealized, model of transport by acoustic streaming. Further work is g
required to explore acoustic coupling of the bath to the feature and

the role of wave reflections from the feature bottom. Additional data 9.

is also needed to support model validation. The ultimate goal of this
work is the use of physically based models to improve process uni-
formity, reduce processing times, and extend the range of LIGA
fabrication to smaller feature sizes and higher aspect ratios
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